By using hydrochloric acid (HCl) as an acidity regulator, boron-doped ordered mesoporous carbon (BOMCs) were synthesized via solvent evaporation induced self-assembly (EISA) method. And the selfassembly mechanism of the B-OMCs under HCl conditions was investigated. Not only low-molecular weight boron-modified phenolic resin (BPF), but also triblock copolymer F127 can be protonated by HCl, which results in enhancement of the interaction between precursor and template. Both double-layer hydrogen bonding and electrostatic Coulomb forces act as the driving force for self-assembly of BOMCs under HCl conditions. In addition, the effect of HCl content on the mesostructure and character of the B-OMCs was studied. With the increase of HCl content, the pore size of B-OMCs decreases, while the surface area, pore order and boron content of B-OMCs increase initially, and then drop off gradually.
Introduction
Ordered mesoporous carbons (OMCs) possess excellent physico-chemical properties and potential applications in many elds. [1] [2] [3] [4] Heteroatoms such as boron, nitrogen, sulfur and phosphorus [5] [6] [7] [8] have been introduced in the framework of OMCs for higher performance and broader applications ranging from catalysis to hydrogen and energy storage. [9] [10] [11] [12] Among them, boron-doped OMCs (B-OMCs) have aroused much interest in recent years. Boron bearing three valence electrons can be doped into a carbon lattice as an electron acceptor. And the B-C bonds in the backbone of carbon can also lower the Fermi level of the structure and then tune the properties of oxygen chemisorption and electrochemistry for redox reactions.
13-16
Compared with the nanocasting process using silica as hard template, which is multistep and costly, the self-assembly of resins and block copolymer route is more efficient. Wang 17 synthesized B-OMCs by using resoles and boric acid as precursor, amphiphilic triblock copolymer F127 as a template. The obtained B-OMCs have high boron content (1.8 wt%), but worse-ordered mesoporous structure (472 m 2 g À1 ). B-OMCs with boron contents varying from 0.42 to 2.37 wt% were also prepared by combination of so-templating and hydrothermal approaches, while its BET surface area is only 300-500 m 2 g À1 .
18
Zhai 16 prepared B-OMCs by an evaporation induced selfassembly method using boron-modied phenolic resins as carbon precursor, while the maximum boron content is only 0.33 wt% with BET surface area of 500 m 2 g À1 .
It seems that B-OMCs with both high boron content and ideal order mesoporous structure are not easy to be obtained. Nevertheless, in most potential utilization, especially in supercapacitors, B-OMCs with a high specic surface area, large pore size and well developed mesoporosity are required. 19 The choice of resole as a precursor and triblock copolymer as a template is essential for the successful organization of organic-organic mesostructures because resole with a 3D network structure and plenty of hydroxyl groups (-OH) can interact strongly with the PEO blocks of triblock copolymer templates via hydrogen bonds.
20 Therefore, the enhanced hydrogen bond is the key to the preferential arrangement of carbon precursors in the selected domains of PEO-PPO-PEO triblock copolymers by EISA method. 21 While for BPFs, it is a great challenge because the reactions of boric acid and hydroxymethyl groups of BPFs will greatly weaken hydrogen bond interaction. And poor solubility of BPF in the solvent like ethanol would result in macrophase separation easily during the EISA process, so well-ordered mesostructures is difficult to be achieved. In addition, the understanding of formation mechanism of B-OMCs with welldeveloped mesoporosity is still in early stage.
The presence of acids can protonate both boron-modied phenolic resin and F127, so strengthen the hydrogen bonding interactions between so-template and resins. 22 And the solubility of BPF resins can be improved by introducing acid. In addition, phenolic resole resins can be highly reactive when mixed with strong acids and result in severe exothermic reactions. Therefore, acid can promote the curing condensation of phenolic resins. While on the other hand, the reactivity of a catalyzed resin can be so rapid that the processing becomes virtually impossible to control.
23
In the study, HCl was selected as acidity and self-assembly regulator. The effect of HCl content on the mesostructure and character of B-OMCs was investigated. And hydrogen bonding interaction between BPFs and F127 was traced by FT-IR. A strategy of both double-layer hydrogen bonding and electrostatic Coulomb forces mechanism for the self-assembly of boron-doped ordered mesoporous carbon under HCl conditions has been deduced.
Experimental

Chemicals
Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer (EO 106 PO 70 EO 106 , Pluronic F127) with an average molecular weight of 21 600 was provided by SigmaAldrich. Phenol, formaldehyde (HCHO, 37 wt%), boric acid, hydrochloric acid (HCl, 35-38 wt%) were purchased from Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as received without any further purication. Deionized water was used in all experiments.
Synthesis of boron-modied phenolic resins
Boron-modied phenolic resins were synthesized following the procedure reported. 24 And the schematic illustration is shown in Scheme 1. A low-molecular-weight boron-modied phenolic resin (BPF) was synthesized by mixing phenol, formaldehyde (37 wt%) and sodium hydroxide aqueous solution together in ask, and stirring for 60 min with the molar ratio of phenol and formaldehyde of 1 : 1.5. Water was removed under vacuum, boric acid solution was added to the mixture solution and kept for 30 min, then water was removed under vacuum again. The nal product was dissolved in ethanol for further use. The molecular weight (M n ) of obtained BPF is 1132 g mol
À1
according to GPC analysis.
Synthesis of boron-doped mesoporous carbons (BOMCs)
B-OMCs were prepared via EISA method 25 by using boronmodied phenolic resins obtained above as precursors.
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The poly(ethylene oxide)-poly(propylene oxide)-poly(-ethylene oxide) triblock copolymer (Pluronic F127) was dissolved in ethanol. BPF resins show low solubility in ethanol, which are not suitable for self-assembly. Aer adding a small amount of HCl, the hazy BPF solution became clear. Then it was added during stirring to form a homogeneous solution with HCl as the acidity and self-assembly regulator. The mixed solution was poured into the Petri dish and evaporated overnight at room temperature. Then, the lms were annealed in an oven at 100 C for 24 h to crosslink boronmodied phenolic resin. Thermal treatment was performed with owing nitrogen in the tube furnace at a heating rate of 1 C min À1 and kept for 2 h at 600 C. The obtained products were donated as B-OMC-x, where x indicates pH value of the system.
Characterization
Fourier transform infrared (FT-IR) spectra were collected on a Nicolet 5700 spectrometer. X-ray photoelectron spectroscopy (XPS) was conducted on ESCALAB 250 equipped with Al-Ka radiation. The X-ray diffraction (XRD) patterns were achieved on a Rigaku D/max-2550 diffractometer using Cu-Ka radiation. The Raman spectra were collected using a Renishaw inVia Reex system at an excitation wave length of 514.5 nm. Nitrogen adsorption/desorption isotherms were measured at 77 K on an ASAP 2020 Micromeritics Instrument. The BET surface areas of samples were calculated from the adsorption data using the Brunauer-Emmett-Teller (BET) method. The pore size distributions were derived from the adsorption branches of the isotherms using the BJH (Barrett-Joyner-Halenda) method. TEM images were taken with a JEM-1400 transmission electron microscope operated at 200 keV.
Electrochemical measurements
For preparing a working electrode, a mixture of an active material, acetylene black and poly(tetrauoroethylene) (PTFE) with a weight ratio of 85 : 10 : 5 was homogenized in a mortar and pestle. Then the mixture was rolled into a thin lm of uniform thickness (ca. 60 mm), and punched into pellets with a diameter of 1 cm. Each active material was dried overnight at 100 C, and the electrodes were impregnated with electrolyte under vacuum for several hours prior to the electrochemical tests. The tests were carried out in a three-electrode system (platinum electrode for the auxiliary electrode, saturated calomel electrode for the reference electrode, and B-OMC for the working electrode), which was constructed with two facing carbon electrodes and sandwiched with a separator and a 3 M H 2 SO 4 solution as the electrolyte. The cyclic voltammetry (CV) tests were conducted using a PARSTAT-2273 (USA) in a potential range of 0-0.9 V. The galvanostatic charge-discharge (GC) measurements were conducted on the PARSTAT-2273 apparatus. The gravimetric capacitance of electrode material was calculated according to the equation C m ¼ IDt/(mDU), where I is the discharge current in ampere, Dt is the discharge time in second, m is the mass of active material on an electrode in gram, and DU is the working voltage in volt. In some cases, C s is presented as F m À2 , which is obtained according to the equation
Scheme 1 Synthesis of boron modified phenolic resins.
Results and discussion
Chemical state of B-OMCs
The FT-IR spectra of BPF and B-OMC are displayed in Fig. 1 and 2900 cm À1 (-CH 2 ) almost disappear, indicating resole decomposition and small molecular volatilization. However, the B-O absorption band is still observed in B-OMCs, suggesting that boron has been introduced into the backbone of the phenolic resin and well preserved aer calcination at 600 C.
The precise formation of B-OMCs was further analyzed by Xray photoelectron spectroscopy (XPS), and the results are shown in Fig. 2 and Table 1 . XPS survey spectrum conrms that the sample contains boron, carbon and oxygen, and B atoms have been successfully doped into the framework of OMCs. The B 1s spectrum for B-OMC can be tted into three peaks located at 188.5, 191.6 and 192.4 eV, as shown in Fig. 2b . The B 1s with a binding energy of 188.5 eV suggests that the boron species are incorporated into the carbon structure.
28 And the boron with B 1s at 191.6 eV can be assigned to the mixed B-C and B-O bonding, respectively. 31 Total oxygen group of B-OMCs reaches 10.40 wt%, much higher than that of undoped OMCs (4.3 wt%). 27 The enriched oxygen groups on the carbon surface will be benecial to the capacitance retention at a high scan rate. Wide-angle XRD and Raman spectra of B-OMC-4 are shown in Fig. 4 . Two broad maxima, corresponding to (002) and (101) reections of a turbostratic carbon structure, are observed at 2q angles about 22.5 and 43.5 ( Fig. 4a ). In addition, there exist two main Raman bands (Fig. 4b ) at about 1358 cm À1 (D band) and 1598 cm À1 (G band), respectively in the plot. The former, corresponding to the E 2g mode of graphite, is assigned to the "in-plane" displacement of the carbons strongly coupled in the hexagonal sheets. The latter, corresponding to the defectinduced Raman band, are ascribed to the defects and hexagonal graphene plane. 33 The intensity ratio of the D to G bands (I D /I G ) is 2.41, which is proportional to the degree of structural order with respect to the graphite structure. The results of WXRD and Raman spectra indicate a low graphitic crystallinity of B-OMCs, because the temperature of 600 C is still too low for phenolic resin graphitization. However, this value is much lower than that of carbonized products of the unmodied phenolic resins (I D /I G ¼ 2.85). 34 It demonstrates an increase of graphite structure and a decrease of disordered structure aer introducing boron into the backbone of the resin. N 2 adsorption-desorption isotherms of all samples are presented in Fig. 5 . The structural properties and B content of obtained B-OMCs are listed in Table 2 . All samples except B-OMC-5 display typical-IV isotherms with well-dened H 1 hysteresis loops and clear capillary condensation steps, implying a uniform mesoporous structure. The B-OMC-5 also has typical type IV isotherms. Nevertheless, the distinct capillary condensation steps occur at relative pressures of 0.3-0.8, indicating that the pore size distribution is not very concentrated. Moreover, with the increment of HCl, BET surface area and microporous volume of B-OMCs increase rst, then decrease gradually, and the pore diameter reduces from 5.6 nm to 4.5 nm, which consists with the results of XRD. It demonstrated that a little addition of HCl tends to help resins form ordered micelles, while too much acid may make resole resins more reactive and result in severe exothermic reactions, which would interfere self-assembly process. So the BET surface area and pore size of B-OMCs decrease and the order of B-OMCs gets worse under very strong acid conditions.
The addition of HCl can also improve the solubility of resoles in ethanol, so more boron modied phenolic resins will take part in the self-assembly process. Therefore, the boron content of OMCs increases with the addition of hydrochloric acid. By further adding HCl, owing to fast condensation rate, the viscosity of system grow quickly and a very small part of resins with too high molecular weight may precipitate from the solvent, which is not suitable for self-assembly any more. Therefore, the boron content of B-OMCs dropped a little when the pH value reaches 3. TEM images of B-OMCs are illustrated in Fig. 6 . B-OMC-2, B-OMC-3 and B-OMC-4 show well-ordered hexagonal arrangement of mesopores with long straight channels along both the [001] and [110] directions, consistent with a hexagonal mesostructured. The order degree of B-OMC-3 and B-OMC-2 seem to be inferior to that of B-OMC-4. Besides, B-OMC-5 exhibits a wormy structure and its spatial distribution regularity is not as good as that of other samples.
Hydrogen bond interaction
Hydrogen bonding between the amphiphilic surfactants and organic polymer frameworks is a very important driving force for the formation of ordered mesostructure. While for boron modied phenolic resins, this interaction is greatly weakened because the reactions of boric acid and hydroxymethyl (-CH 2 OH) groups of BPFs will lower hydroxyl (-OH) density. It would further result in the reduction of miscibility between organic frameworks and surfactants aer polymerization and consequent macroscopic phase separation.
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Both lowmolecular-weight boron-modied phenolic resin (BPF) and F127 can be protonated by acid. In order to strengthen interaction force, hydrochloric acid was selected as acidity regulator and the inuence of HCl on hydrogen bonding interaction between BPF and F127 was studied by using FTIR spectroscopy.
FT-IR spectra belong to a high band in regions from 3600 to 3000 cm À1 , where the hydroxyl stretching vibration can be observed. Two unresolved bands (Fig. 7a) correspond to free OH groups at 3527 cm À1 and hydrogen-bonded OH groups (selfassociation) at 3329 cm À1 , respectively. 36 And bands at 1113 and 2872 cm À1 can be assigned to the C-O and C-H stretching of copolymer F127. When BPF resin was blended with F127, the intensity of free OH groups decreased. And with the increasing of HCl, the intensity dropped down gradually. At the same time, the absorption at 3329 cm À1 became even wider and shied to Table 2 Structural properties and B concentration of B-OMC slightly. It indicates that the hydrogen bonding interaction between OH groups of the phenolic resins and the ether groups of PEO blocks increases with the addition of HCl.
Self-assembly mechanism
Both boron-modied phenolic resin and EO blocks of F127 will be protonated by the strong acid, HCl. 38 The oxygen in C-O-C bond of F127 is protonic by H + , which produces strong hydrogen bond with -OH of boron-modied phenolic resins. Meanwhile, same as the synthesis of mesoporous silica under acid media conditions, the EO moieties of the surfactant in strong acid media will associate with hydronium ions. 39 These charge-associated EO unities and cationic phenolic resins are assembled together by a combination of electrostatic, enhanced hydrogen bonding, and van der Waals interactions, which can be designated as (S 0 H + )(X À I + ). 40 Hence, HCl is a very effective self-assembly regulator, which is used to help mesoporous carbons obtain order structure in some researches. [41] [42] [43] [44] [45] The selfassembly process of BPF and F127 under high HCl concentrations is illustrated in Scheme 2. Therefore, BPF resins, with much less hydromethyl groups than ordinary PF resins can also form order-well mesoporous structure by both coulomb force and hydrogen bonding interaction under hydrogen chloride acid regulator. In addition, the strong hydrogen bond and the Coulomb force interaction will lead to forming small micelle during the self-assembly process. So the pore size of B-OMCs decreases with the increasing of HCl.
Electrochemical properties
The B-OMCs synthesized under different pH were subsequently evaluated as the electrodes of super capacitors. Fig. 8 shows the cyclic voltammetry (CV) curves of the B-OMC-x at a scan rate of 5 mV s À1 and the galvanostatic charge-discharge (GC) prole at a current density of 0.2 A g À1 . According to Fig. 8a , all samples present well-rectangular CV curves, indicating good electric double layer capacitor (EDLC). With the reduction of pH (from 5 to 2), the current density of B-OMCs changed from 0.44, 1.02, 0.97 to 0.60 A g
À1
, respectively. When the pH value is 4, the system has the maximum current density, 1.02 A g À1 . In addition, it is very important for the electrode materials of the super capacitor to provide high power density. The specic capacitance of the electrode according to GC test at a current of 0.2A g À1 is calculated. It is found that doping boron will lead to an increase in specic capacitance, from 112 F g À1 (OMC) to 200 F g À1 (B-OMC-4), which is also much higher than most of the previous reports of B-OMCs (122-159 F g À1 ). [46] [47] [48] It is noted that, the CV curves of B-OMCs show an obvious redox peak around 0.4 V, indicating the increase of capacitance arising from both electric double layer capacitance (EDLC) and pseudocapacitance. Boron atom with three valence electrons can introduce a hole charge carrier by replacing a carbon atom in the grapheme lattice, which can raise the charge density and the density of state, so the double layer capacitance would be enhanced. 30 At the same time, the increased oxygen group by boron substitution can also help OMCs obtain a higher redox capacitance. 16 
Conclusions
By using HCl as acidity regulator, boron-doped mesoporous carbon (B-OMCs) were synthesized via solvent evaporation induced self-assembly (EISA) method. The effect of HCl addition on the mesostructure and character of mesoporous carbons were studied. Both double-layer hydrogen bonding and electrostatic Coulomb forces act as the driving force for self-assembly of B-OMCs under HCl conditions. The results show that along with the increment of HCl content, pore size Scheme 2 Self-assembly mechanism of BPF and F127 under HCl conditions. of B-OMCs decreases, while the surface area, pore order and boron content of B-OMCs increases rst, and then drop off gradually. When pH ¼ 4, the obtained B-OMC have the well-ordered mesoporous structure, highest surface area (690 m 2 g À1 ) and boron content (1.96 wt%). Besides, it also possesses excellent electrochemical and capacitance performance (200 F g À1 ).
